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The Glass Manufacturing Industry Council (1D14318, CPS#001034) is instrumental in
coordinating with contractors and providing the quarterly reports on their web site. The Glass
Manufacturing Industry Council (GMIC) has accomplished a number of significant milestones
towards the ultimate goal of reaching long-term “Vision” objectives.
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Quarterly Report

Title Development of Models and On-Line Diagnostic Monitors of
the High-Temperature Corrosion of Refractories in Oxy/Fuel
Glass Furnaces

Project Period July 1, 2003 — September 30, 2003

Laboratory Sandia National Laboratories
Mail Stop 9052
Livermore, CA 94551-0969

B&R No. NM269020000
FWP/OTIS Number: EEW234
Contact: Mark D. Allendorf

(925)294-2895
mdallen@sandia.gov

Project Team:
Industrial Partners: Air Liquide, BOC Gases, Gallo Glass, PPG Industries
Subcontractors Prof. Karl Spear (Pennsylvania State University)
Prof. Mariano Velez (University of Missouri, Rolla)
Monofrax Inc. (Dr. Amul Gupta)
RHI Refractories (Dr. Tomas Richter)

Project Objectives

This research is directed toward understanding the mechanism(s) of enhanced refractory
corrosion in oxy/fuel glass furnaces and the development of models to predict corrosion rates,
identify operating regimes that minimize corrosion, and define the attributes of improved
refractories.

The project has three objectives: First, the factors controlling the rate of refractory corrosion
in glass furnaces will be identified through a combination of experiments in controlled laboratory
environments and characterization of corroded samples using sophisticated analytical
techniques. Second, this knowledge will be used to develop, validate, and exercise one or more
models that can predict corrosion rates as a function of refractory properties (chemical and
structural) and furnace conditions. Third, since knowledge of gas-phase alkali concentrations
(particularly NaOH and KOH) will almost certainly be essential to developing strategies for
minimizing corrosion in a specific furnace, laser-based detection methods will be explored to
serve as an on-line process monitor of these species.

Background:
Conventional glass melting furnaces using combustion of natural gas or oil with air typically

employ bonded silica refractory brick to construct the furnace superstructures. In a well-
designed, properly insulated and sealed, and well-operated furnace, silica refractory structures



will last at least 10 years in a float furnace, and slightly less in container-, specialty- and
insulating-fiberglass furnaces. Under certain conditions, however, it can be significantly attacked
by alkali vapors, such as sodium hydroxide (NaOH), that volatilize from the glass and by
airborne batch particles, producing defects in the glass and shortening crown life by as much as
a factor of two to three. The mechanisms for the enhanced corrosion of refractories in oxy/fuel
furnaces are not completely clear, although the composition of the furnace gas and the
temperature profile across the refractory are expected to be important factors. Gas-phase alkali
species (such as sodium hydroxide or potassium hydroxide), in conjunction with water vapor,
are the most likely compounds that attack the refractory, although lead used to make television
glasses and boron used to make fiberglass may also be factors. It appears that an
understanding of at least five factors must be obtained in order to identify the important
corrosion mechanisms: 1) the identity and concentration of gas-phase species at the refractory
surface; 2) the rates of transport of these species to the surface and through either the porous
refractory or cracks/joints between bricks; 3) the temperature profile across the brick; 4) the
rates of chemical reactions occurring at the surface and within the capillaries of the brick; and 5)
the rate of transport of liquid corrosion products to and away from the brick surface.

Status:

This is the final quarterly report for this project. A final report will be issued for the project by
December 31, 2003.

Task 1 Experimental characterization of corrosion processes

Task completed 9/01.

Task 2 Corrosion modeling

»  Task complete. Model development for corrosion processes completed and reported to
industry through conferences on glass science and engineering, DOE/OIT program
reviews, and technical publications. Details may be found in the final report.

* Integration of the Sandia corrosion code with the Air Liquide Athena furnace model
was completed this quarter. The results provide a snapshot of both the successes and
difficulties associated with modeling corrosion in full-scale glass furnaces. Good fidelity
between measured crown temperatures in the Gallo Tank 1 furnace was obtained,
including agreement between trends and absolute values. Reasonable agreement with
optically measured NaOH(gas) concentrations was also obtained, although these
values have large associated error bars.

The model successfully predicts corrosion rates and obtains the correct order of
magnitude in most cases. However, the dependence of the corrosion rate on the
NaOH(gas) gradient between the gas and the refractory surface, which is a relatively
small number with a high degree of uncertainty, causes abnormally high corrosion
rates to be observed in some instances. This disagreement may also be due in part to
the use of average gas velocities to calculate the flux of NaOH(gas) to the surface.
This was required because an unresolved bug in the linkage between Athena and the
corrosion submodel prevented the correct calculation of the NaOH(gas) flux to the
refractory surface. Unfortunately, we were unable to access the code itself to correct
this problem, since only a compiled version was available for use in this project. As will
be discussed below, we believe that future work in this area, should it be funded by



Task 3

OIT, would benefit from collaboration with a furnace modeling group with an open
source code, such as Argonne National Laboratory (ANL).

In spite of these difficulties, the has good potential to provide guidance to furnace
designers, since it can be used to predict trends in corrosion that may result from
specific design features or operating conditions. The relative simplicity of the code
makes it easy to use and interface to other codes. It is also adaptable, in that corrosion
of refractories other than silica could be modeled if the necessary thermodynamic data
are available. We thus believe that an ongoing effort in this area, coupled with
continued efforts to improve furnace models such as the one developed at ANL, would
be beneficial to the glass industry, providing them with tools that will be very valuable
for designing the next generation of melters and improving the many existing furnaces.

Modeling results were summarized in a paper to presented at the conference
Advances in Fusion and Processing of Glass held in Rochester, NY. A written paper
will be published by the American Ceramic Society in their proceedings for the
conference.

We are in contact with Dr. Mike Petric at ANL and plan to transfer the software
developed to model corrosion in glass melting furnaces to them before the end of the
calendar year. Since the ANL model is fully available to the glass industry and will be
supported (at least initially) by ANL personnel, this appears to be the most effective
route for distributing the results of the corrosion modeling effort to the industry.

Although we have made every effort to validate the model, it is clear that predictions
are highly sensitive to two factors: refractory temperature and NaOH(gas)
concentration, both of which are not known with great accuracy for industrial furnaces.
Difficulties encountered when using the Air Liquide furnace model to simulate the Gallo
Tank 1 furnace included underprediction of NaOH(gas) concentrations and
overprediction of crown temperatures. Since the ANL model has been subjected to
extensive comparisons with measured values of temperature and other furnace
characteristics, we believe that the crown, glass, and gas temperatures should be
reasonably accurate. Thus, that a strategy that we believe will lead to improved
confidence in our corrosion model would be to simulate the Gallo Tank 1 furnace using
the ANL model. Options for conducting this investigation were discussed at the Glass
IOF project review and include submitting a proposal for a GPlus project.

On-line monitors for gas-phase alkali detection

A field test was successfully conducted in mid July 2003 at PPG's Meadville, PA
oxygen/fuel float-glass facility using the laser-induced fragmentation fluorescence
(LIFF) diagnostic. The objective of these tests was to measure NaOH(gas)
concentrations in real time as furnace conditions are changed by operating personnel.
Although crown corrosion is not a major issue in this furnace, the production of
sodium-containing particulates is. It is thus important to understand how changes in
certain furnace operating parameters affect the vaporization of sodium (i.e., the
production of NaOH(gas), primarily) in the furnace.

Measurements were performed in an exhaust duct at a location close to the furnace.
The lower ambient temperatures at this location allowed for continuous measurement
without the pauses necessary in previous field tests when the instrument was brought



Patents:

close to the furnace wall. Improvements to the LIFF instrumentation yielded a 6-fold
increase in sensitivity.

The measurements demonstrate that LIFF can be an effective real-time diagnostic for
process optimization. In particular, the results provide new insight into the fluctuations
that occur within a large-scale furnace. NaOH(gas) concentrations were observed to
vary considerably on time scales as short as a few seconds. Superimposed on these
high-frequency oscillations are lower frequency oscillations with periods as long as a
minute or more. Importantly, the NaOH(gas) concentration appears to have some
correlation with changes made to furnace operating conditions. However, furnace
response times appear to be long (minutes) and the high degree of variability within
the signal due to the high-frequency oscillations can make it difficult to discern trends
in the data. Nevertheless, the results are encouraging and suggest that a role exists
for such sophisticated diagnostic techniques as LIFF to characterize the effects of
furnace operating parameters on trace species such as NaOH(gas), whose formation
can lead not only to corrosion but also the production of particulates.

Developments in other on-line diagnostic methods, in particular LIBS (laser-induced
breakdown spectroscopy) suggest that the ability of LIFF to selectively detect alkali-
metal hydroxides such as NaOH is not necessary to measure NaOH(gas)
concentrations in glass furnaces. At the temperatures typical of such facilities, alkali
metals exist primarily as hydroxides rather than as atoms or other species, so the
detection of sodium by LIBS is generally an indication that NaOH is present. (An
exception to this would occur if particulates are present, since LIBS signals from
particles will be much stronger than those from the gas. Thus, it is advisable to perform
measurements in locations where the temperature is high enough that condensibles
such as sodium sulfate are not present.) LIBS measurements have never been
attempted within the combustion space of a glass furnace, however, so its limitations
in such a hostile environment (in particular the high ambient temperatures near the
furnace, which can exceed 120 °F) are unknown. As a conclusion to this task, we
recommend that both LIBS and LIFF measurements be conducted side-by-side to
determine their relative limitations, sensitivity, and performance. Such measurements
would indicate whether additional investment in a compact, economical LIFF
diagnostic is warranted or, alternatively, if LIBS is sufficient for all on-line
measurements concerning sodium, potassium, and other potentially corrosive species
present in the atmospheres of glass furnaces.

None this reporting period.

Publications and Presentations:

M. D. Allendorf, R. H. Nilson, B. Bugeat, U. Ghani, O Marin, K. E. Spear, P. M. Walsh, A. Gupta,
H. E. Wolfe, G. A. Pecoraro "Analytical Models For High-Temperature Corrosion Of Silica
Refractories In Glass-Melting Furnaces," accepted for publication in Adv. Fusion and
Processing of Glass, 2003.



Milestone Status

This project is complete. The status of individual tasks is given in the table below.

Task | Task/Milestone Description | Completion Date | Comments
Planned | Actual
1.1 | Compile corrosion database 3/00 3/00
1.2 | Corrosion experiments, silica 9/00 9/01
2.1 | Build mathematical models 9/00 3/01
2.2 | Compile thermodynamic data 3/99 9/99
2.3 | Equilibrium modeling 9/99 3/00
2.4 | Validate model performance 9/00 12/00
2.5 | Develop analytical submodels 9/02 6/03
2.6 | Design user interfaces 4/03 6/03
3.1 | LIFF furnace measurements 9/00 9/00
3.2 | Lab-scale furnace tests 9/00 12/01
3.3 | Design/fab portable system 6/01 9/01
3.4 | Field test1 3/01 12/01
3.5 | Field test 2 9/01 12/02
3.6 | Field test3 9/02 7/03
Final report 12/03
Budget Data
Approved Spending Plan Actual Spent to Date
. DOE Cost DOE Cost
Phase/Budget Period Amount | Share Total Amount | Share Total
From | To
Year 1 10/98 | 9/99 260 170 430 260 92 352
Year 2 10/99 | 9/00 325 175 500 325 175 500
Year 3 10/00 | 9/01 375 120 495 375 120 495
Year 4 10/01 | 9/02 200 60 310 200 138* 338
year 5 10/02 | 9/03 200 60 260 200 34 227
Totals 1,360 585 1,995 1,360 552 | 1,912

*Includes carryover from FYO1.
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As of November 10, 2003, the Pl was unable to provide a quarterly report for the period July
through September 2003. The most recent report that he submitted follows:
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Covering Period:
Date of Report:
Recipient:
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Other Partners:
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Project Team:
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Background:

QUARTERLY PROGRESS REPORT

Measurement and Control of Glass Feedstocks
April 1, 2003 through June 30, 2003

July 29, 2003

Energy Research Company
DE-FC36-011D14030

Oak Ridge National Laboratory

PPG Industries
Fenton Art Glass

Arel Weisberg, Ph.D.
(718) 608-0935
aweisberg@er-co.com

DOE-HQ Contact: Elliot Levine
Contract Specialists: Brad Ring, Beth Dwyer

Energy Research Company (ERCo) is developing an on-line sensor for
controlling the quality of glass feedstocks, both batch and cullet. In the
case of batch, the sensor can determine whether or not the batch was
formulated accurately, and serve as part of a feedback loop in the plant to
control glass quality. In the case of cullet feedstocks, the sensor can
serve as part of a system to sort cullet by color and ensure that it is free
of contaminants.

The Glass Industry Technology Roadmap' emphasizes the need for
accurate process and feedstock sensors. Listed first under technological
barriers to increased production efficiency is the “Inability to accurately
measure and control the production process.” ERCo’s LIBS sensor
addresses this need by giving plant operators critical knowledge of their
batch composition. In plants where cullet is used in glass production, the
LIBS sensor can provide color sorted cullet free of contaminants,
including those contaminants that are not detectable using current optical
based color sorters.

! Available at: http://www.oit.doe.gov/glass/pdfs/glass2002roadmap.pdf



Quarterly Progress Report 4/1/03-6/30/03
DE-FC36-011D14030

LIBS utilizes a highly concentrated laser pulse to rapidly vaporize and
ionize a small amount of the material being studied. As the resulting
plasma cools it radiates light at specific wavelengths corresponding to the
elemental constituents (e.g. silicon, aluminum, iron) of the material. The
strengths of the emissions correlate to the concentrations of each of the
elemental constituents. This technology has been successfully
demonstrated in ERCo’s LIBS laboratory for both batch analysis and
cullet sorting. In the upcoming year, designs of prototype sensors for
installation at the program’s industrial partners will be developed.

Status:

1. Executive Summary
This quarter's work included the first quantitative measurements of silica and clay using a
proprietary material handling method suitable for installations in commercial batch houses. The
results demonstrate the utility of ERCo’s calibrationless LIBS method.

Software development also continued, with the result being a completely integrated system
where the operator initiates LIBS measurements with just one “click” of a computer mouse. The
software displays the elemental concentrations of the sample, as well as a running strip chart of
prior measurements.

During the quarter PPG Industries selected their Chester, South Carolina fiberglass plant for the
pilot installation of ERCo’s LIBS sensor. Additionally, PPG decided to have the sensor monitor
individual batch ingredients rather than mixed batch.

2. Quantitative analysis of Silica and Clay
During the prior quarter we reported concentration measurements from batch samples that were
analyzed by pressing the powder in a metal cup to create a solid disk of material. While this
method provided good results, it would be difficult to install an automated sampler of this type in
a glass plant. Therefore, ERCo has devised a novel proprietary material handling method that
is amenable to automated material handling in industrial installations.

In this quarter we took quantitative measurements from clay, silica, and limestone samples
provided by PPG with this method. The results from these tests are shown below. Because the
actual concentrations are proprietary PPG data, all the results are shown as a percent error.

While all the elements in a sample are measured simultaneously, the results are broken down
into major and minor components. Because of their large contribution to the overall batch
formulation, relative measurement errors must be kept low for the major components. However,
minor constituents in one material are often found as major constituents in another material.
Therefore, as long as absolute measurement errors in the minor constituents are small, the
magnitudes of the relative errors are not significant.

For example, aluminum is a major constituent in clay, but a minor constituent in silica. If
reported aluminum concentrations in silica vary by 0.1%, that may represent a large relative
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error in the aluminum concentration. However, that uncertainty will be invisible in the final

mixed batch compared to the measurement uncertainty of aluminum in clay.

Consequently, we report the error in major constituents on the traditional relative basis:
%% Error Measurement — Reported < 100% .
Reported
while for minor constituents we report the absolute % error:
% Error = Measurement% — Reported% .

Table 1: Results of Clay Analysis as Percent Relative Error (relative) — Major Constituents

Element Run A Run B Run C Run D Run E Average
Al 0.10% 1.38% 0.65% 1.42% 1.93% 1.10%
Si 0.21% -2.64% -2.64% -2.16% -2.37% 2.00%

Table 1 contains the test results from the major constituents in clay. The high accuracy and

repeatability of the results demonstrate the capabilities of ERCo’s calibrationless LIBS method.

Table 2: Results of Clay Analysis as Percent Error (absolute) — Minor Constituents

Element Run A Run B Run C Run D Run E Average
Na -0.03% -0.03% -0.03% -0.03% -0.03% 0.03%
Ti -0.13% 0.04% 0.04% 0.37% 0.23% 0.16%
Fe -0.08% -0.01% -0.09% -0.09% -0.06% 0.07%

Table 2 contains test results on the minor constituents in clay. Absolute errors of these
magnitudes are satisfactory given the magnitudes of oxides of these elements in the overall

batch formulation.

Table 3: Results of Silica Analysis as Percent Error (relative) — Major Constituent

Element Run A Run B Run C Run D Run E Average
Si 0.10% 0.20% 0.23% 0.18% 0.18% 0.18%

Table 4: Results of Silica Analysis as Percent Error (absolute) — Minor Constituents

Element Run A Run B Run C Run D Run E Average
Al 0.05% -0.02% -0.04% -0.01% -0.01% 0.03%
Ti 0.01% -0.01% -0.01% 0.00% 0.00% 0.01%
Fe -0.01% -0.02% -0.02% 0.00% 0.00% 0.01%

The results from silica, seen above in Table 3 and Table 4 demonstrate similarly high accuracy

and repeatability for both the major and minor constituents.
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Table 5: Results of Limestone Analysis as Percent Error (relative) — Major Constituents

Element Run A Run B Run C Run D Run E Average
C 1.28% 0.62% -1.54% 1.59% -0.09% 1.02%
Ca -0.26% -0.09% 0.57% -0.41% 0.18% 0.30%

Table 6: Results of Limestone Analysis as Percent Error (absolute) — Minor Constituents

Element Run A Run B Run C Run D Run E Average
Mg 0.00% 0.00% 0.01% 0.01% 0.00% 0.00%
Al -0.01% 0.01% 0.00% -0.01% -0.01% 0.01%
Si -0.08% -0.07% -0.10% -0.10% -0.13% 0.10%
Fe 0.00% 0.00% 0.01% 0.04% 0.02% 0.01%

Once again we were satisfied by the accuracy and repeatability of the results. In light of the
high degree of accuracy seen in these results, we will continue development of this material
handling method and continue testing these materials in concert with other PPF batch materials
in our laboratory.

3. Automated LIBS Spectrum Analysis
As described in prior reports, the goal for the software development was to have an ordinary
“point-and-click” software interface for the user to operate LIBS equipment. The software also
had to be sophisticated enough to analyze the data completely automatically. The current state
of the software has these capabilities.

The only controls necessary to run the system are for selecting the material being analyzed, the
number of measurements to perform, and initiating the measurements.

When the user initiates a measurement or series of measurement, the program begins firing the
laser only after checking that all the safety interlocks are satisfied. The program then operates
the laser and spectrometer automatically and without any action by the user while
simultaneously checking that the safety interlocks remain satsified. The user does not need to
operate any controls or switches on the laser or spectrometer with this software package.

The data collected while using this software is analyzed using ERCo’s calibrationless software
without any input from the user. When all the data is collected and analyzed, the software
updates the screen with the new concentrations.

In addition to a graphical user interface, the program stores all the concentrations in a text file,
together with their respective times and dates. This file can be readily imported into other
programs, such as Excel, for further analysis and archiving.
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4. PPG Selects Host Site
During this quarter PPG selected its Chester, SC fiberglass plant as the location for the LIBS
batch analyzer installation. Earlier in the program PPG selected their Shelby, NC plant for the
installation. In addition to this switch, PPG determined that the LIBS batch analyzer would be of
most use on individual raw materials rather than on mixed batch. By monitoring the individual
raw materials, the source of any fluctuations could be immediately traced to the raw material at
fault.

PPG'’s recent decisions to switch plants and to measure individual batch materials contributed to
delays in this program’s timetable, both technical and budgetary. With these issues resolved,
the program’s pace will markedly increase.

Plans for Next Quarter:
Arel Weisberg, the PI for this program, will travel to PPG’s Chester plant during the last
week of July to discuss the timeline and work plan for the installation. The laboratory
work will also continue, with the addition of ulexite and colemanite to the list of materials
that ERCo’s calibrationless software can analyze.

Patents: N/A

Publications/Presentations: N/A
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Milestone Status Table:

4/1/03-6/30/03

ID Task / Milestone Description Planned Actual Comments
Number Completion Completion
1 Laboratory Development
1.1 Facility Modification 9/30/01 9/30/01
1.2 Testing 3/31/02 2/28/02
1.3 Initial Software Development 3/31/02 3/31/02
1.4 Performance Evaluation 3/31/02 3/31/02
2 Sensor Fabrication
2.1 Facility Construction 9/30/02 8/31/02
2.2 LIBS Testing 3/31/03
2.3 Software Development 3/31/03

Budget Data (as of 3/31/02):

Approved Spending Plan Actual Spent to Date
Phase / Budget Period DOE Cost Total DOE Cost Total

Amount Share Amount Share

From | To
Year 1 4/01 12/01 423,178 181,501 604,679 47,184 47,184
Year 2 1/02 | 12/02 509,525 710,613 | 1,220,138 | 361,692.58 | 200,316.42 | 562,009.00
Year 3 1/03 | 12/03 506,110 717,688 | 1,223,798 | 121,107.49 121,107.49
Year 4
Year 5
Totals | 1,438,813 | 1,609,802 | 3,048,615 | 529984.07 | 200,316.42 730300.49
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QUARTERLY PROGRESS REPORT
Project Title: Improvement of Performance and Yield of Glass Fiber Drawing
Technology
Covering Period:  July 1, 2003 through September 30, 2003
Date of Report: October 24, 2003
Recipient: State of Ohio, Office of Energy Efficiency
77 S. High Street
Columbus, OH 43215-6108

Award Number: DE-FC07-02ID14347

Subcontractors: Cleveland State University
Other Partners: PPG Industries Inc
Schott Glas
Johns Manville
U.S. Borax
Contact(s): Dr. Phillip A. Sanger -Principal Investigator

(216) 687- 4565
p.sanger(@csuohio.edu

William L. Manz -Business Manager
(614) 466- 7429

WManz@odod.state.oh.us

Project Team: DOE-HQ Team Leader: Elliott Levine
DOE Regional Team Leader: Brian Olsen
DOE Project Manager: Glenn Doyle

DOE Contract Specialist: Tom Reynolds

Project Objective: Investigate the basic science of continuous glass fiber drawing and use
that information to improve the drawing process: 1) demonstrate reduced break frequency on a
state of the art fiber-drawing machine from 1 break per hour to 1 break per 4 hours, 2) reduce
fiber diameter variation, 3) drive toward six-sigma* quality through process control and computer
simulation.

Background: Fiber breakage is the single most important process variable in the
drawing of continuous glass fibers limiting fiber quality and production throughput and resulting
in over 500 10° BTU of energy wasted annually. Continuous glass fiber drawing in “state of the
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art” glass industrial facilities is accomplished in the simultaneous drawing of up to 5000
filaments from a single bushing. The perturbation caused by the breaking of one filament which
typically occurs once per hour quickly propagates toward disruption of all 5000 filaments.
During the recovery time of 5-10 minutes, the glass is continuing to ooze through the bushing
holes. Over 67,000 tons of unrecyclable glass annually and all the energy invested in the
melting and forming of this wasted glass is lost. To address this problem, this project will apply
six sigma quality methodology combined with fundamental glass science to reduce breakage,
increase throughput and improve the quality of glass fiber.

Status: The second generation of bushing
and melter has been installed and made
operational. Significant progress has been made in
the installation of advanced process diagnostics
including high magnification photography and a
continuously scanning pyrometer. Model validation
(task 4) has continued in earnest with good
qualitative agreement being observed. Deviations,
which are expected at this stage in program, are
being resolved with model modifications as
appropriate.

Task 1 Build and Install Glass Fiber Drawing

Tower Generation 2 Melter and Bushing
The second generation of bushing and being installed.

melter designed and fabricated by PPG has been

installed and is operational. With this installation, the tower has independent control of the

melting process (separate from the bushing temperature) which maintains a constant glass

head, a larger capacity (up to 6 liters of glass) increasing the residence time from 10 minutes up

to 60 minutes and 3) increased throughput capacity up to 40 Ibs per hour. Exploration of the

operational limits are presently underway.

Task 2 Develop diagnostic
Instrumentation

Installation of an
expanded suite of
diagnostic instrumentation
has begun. Continuous
laser speed measurement
is operational. A nuclear
glass level meter has been
delivered and will be
installed in September. The
two dimensional positioning
platform for continuous High magnification photograph of fiber cone during drawing.
pyrometry has been  Software reduces this photograph in dimensional parameters for

validation with the simulation model.
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installed and tested. Final debugging will be completed in September. Modification of the
optics and line scanning camera to continuously measure fiber diameter distribution was
completed. Optimization of the fiber lighting is underway and integration of the data with
analyzing software is in progress. The camera and positioning platform for High magnification
photography of the glass cone has been completed.

Task 3 Develop simulation models

Expert Input: Refinement of the glass fiber drawing model has continued. The impact of
fiber cooling by fins has been adjusted as a result of validation data gathered from the CSU Gen
| bushing as well as from our partners production operations. Our focus has been primarily on
variation in the bushing temperature and cone length. As is shown in the figure at right, good
correlation has been obtained. Further improvements are planned in the next quarter.

Task 4 Optimize Glass Drawing Process
Voice of the o
process: Validation
of our process model
is accelerating The -
first round of data *
gathering has been ¢« ¢
completed at both
PPG and Johns
Manville.  Prior to
the on site Vvisits,
discussion  around
and agreement
obtained for the
important and
required data. The ‘ ‘ ‘ ‘ ‘ ‘ ‘
team decided to 2 K] 40 50 60 70 8 % 100 10 120
concentrated initially Hean Stress (VP2)
on 16 micron fiber The correlation between our fiber drawing model gives satisfactory agreement with
production to be the data taken on our Gen | drawing tower. Further improvements are in progress.
followed with data on
10 micron fibers. Both of our partners are making fiber in both of these two size ranges areas.
Analysis of the data sets have been discussed with our partners and conclusions being
developed.

¢ Data
====CSU model

Runtime (mins)
3

Plans for Next Quarter:

Next quarter’s activities will focus on running the Gen Il drawing tower and fully
integrating the expanded suite of diagnostic instrumentation. A fresh source of marbles have
been obtained and will used in this experimental run. Instrumentation development will continue
with particular emphasis on diameter measurement. Initial investigation of the mm wave
diagnostics will be completed in mid November.



Quarterly Progress Report October 24, 2003
DE-FCO07-02ID14347

We will complete the analysis of the data collected at our partners sites and compare
this data with the model.

Patents: One provisional patent disclosure on the technique for measuring the
dimensional characteristics of a fiber bundle.
Publications/Presentations:
e Presentation to DOE Glass Project Review in Oct 2002
e Presentation to DOE Glass Project Review in September 2003
¢ Presentation to the 2003 Glass Problems Conference, October 28, 2003

Milestone Status Table:

ID Task / Milestone Description Planned Actual Comments
Number Completion Completion
1 Build and Install Drawing Tower
1.1 Install tower 1/10/03  3/20/03
1.2 Complete debug process 05/15/03 4/20/03
1.3 Install new design of bushing 11/15/03 8/30/2003
2 Develop diagnostic
instrumentation
21 Install IR and high speed photo 03/01/03 9/10/2003
system
2.2 Implement dimensional 09/15/03 Optics and camera
characterization process operational, lighting
techniques being
evaluated
3 Develop simulation models
3.1 Initiate testing of models 12/20/02 11/30/02
3.2 Complete transfer function 04/16/03 4/30/03
4 Optimize process
4.1 Validation 07/30/03 Initial validation
completed, model
refinements
underway
4.2 Demonstrate improved process 03/15/04
5 Disseminate technology
5.1 Hold first tech transfer training 10/30/02 10/30/02
session
5.2 Start final partner implementation 05/30/04
6 Final Report 08/30/04
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Budget Data (September 30, 2003):

October 24, 2003

Approved Spending Plan

Actual Spent to Date

Phase / Budget Period DOE Cost Total DOE Cost Total
Amount | Share Amount Share

From To

Year 1 July 11, | July 30, | $554,014 | $166,070 $720,084 | $531,676 | $255952 | $787,628
2002 2003

Year 2 | August1, | July30, | $419,935 | $122,525 $536,410 0 0 0
2003 2003

Totals $967,899 | $288,595 | $1,256,494 | $531,676 | $255,952 | $787,628
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Background:

QUARTERLY PROGRESS REPORT

Development/Validation of an Advanced Multiphase Glass Furnace Model
July 1, 2003 through September 30, 2003

October 31, 2003

Argonne National Laboratory Techneglas, Inc.
9700 S. Cass Avenue 727 E. Jenkins Avenue
Argonne, IL 60439 Columbus, OH 43207

DE-SC02-97CH10875 and DE-SC02-00CH11037
Mississippi State University, Purdue University

Libbey, Inc., Osram-Sylvania, Owens Corning, Visteon

Michael Petrick John Chumley
630-252-5960 614-445-4787
mpetrick@anl.gov ichumley@techneglas.com

Elliot Levine, OIT DOE-HQ contact; Matea McCray,DOE-ID, Project
Mentor

This project is the second phase of a program to develop a “state of the
art” glass furnace model which couples the combustion space to the glass
melt through a rigorous spectral radiation model. The key technical
objectives of this follow on program is to incorporate glass chemistry
models into the glass melt, activate gaseous phase transport
(bubbles/foam) in the glass melt, develop/incorporate
chemistry/nucleation models to model the transport of gases/particulates
emanating from the batch/molten glass into the combustion space,
develop/incorporate glass quality indices, develop/validate several
furnace simulations of different types of furnaces, disseminate a beta
version of the code to the glass industry participants (GMIC members),
and to conduct a workshop at the end of the project to transfer the
technology (code) to the entire glass industry.

A substantial effort has been expended during the past several decades
to develop furnace models to predict furnace performance as evident by
the accelerating number of publications in the literature. These efforts, in
general, have had varying and limited objectives. The models developed
generally have required or been based upon major underlying
assumptions that substantially impact the predictions, (such as assumed
surface temperature and heat flux distributions). Also, very little
experimental data has been obtained from operating furnaces which has
hampered assessment of the validity of the models. The models
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Status:

developed thus far do not have many analytical capabilities required by
the industry.

This program which was initiated in CY 1998, has been structured to
develop a validated CFD furnace model that will have the desired
analytical capabilities which can be used by the glass industry to define
and evaluate opportunities to modify furnace operating and geometrical
parameters to improve glass quality and productivity (glass throughput)
while minimizing energy use and gaseous and particulate emissions. The
successful development and incorporation of these models will provide
the industry with a state of the art furnace model that will represent a step
change in analytical capability. The ultimate utility of the state of the art
model will be in the development of furnace control software to adjust
operating conditions to achieve and/or maintain predetermined glass
quality and furnace performance targets.

Program progress is presented in accordance with the work breakdown
structures adopted for each phase of the program. Task I.# refers to a
task number from the first phase while Task II.# refers to a task number
from the second on-going phase. A brief summary of progress in tasks
pursued during the last reporting period follows.

Task 1.24: The de facto support center for the GFM code established at
ANL was frequently utilized by the industrial partners to solve technical
problems that arose during their extensive parametric, sensitivity and
optimization studies. .

Task 11.2: The Purdue foam model was incorporated in to the ANL melt
code. The ANL calculated bubble flux coupled with the Purdue
correlations generates foam distributions on the glass melt surface. The
calculated foam distribution is then transferred to the combustion space
calculations. The effect on the combustion space calculation due to the
presence of this foam layer is currently being investigated.

Task 11.14: The industrial partners have been actively interacting with
ANL code developers to model their selected furnaces and to perform
their extensive parametric studies. Several of these studies were
presented at the annual review meeting and they showed that the GFM
can be used to suggest improvements to furnace operation and to
suggest methods for improving energy efficiency.

Plans for Next Quarter:

Work will continue on the following tasks: (1) continued application of the
code by industry to their furnaces; (2) improvements/refinements in the

2
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pre- and post-processors; (3) determining the effect of the foam layer on
the combustion space calculations, (4) writing of the final report, (5)
writing of the users manual, and (6) incorporation of glass quality indices
into the melt model.

Patents: The Glass Furnace Model software (GFM 1.0) was copyrighted
(May 14,2001).

The Glass Furnace Model software (GFM 2.0) was copyrighted (ANL-SF-
01-030b) (May 17, 2002).

Publications/Presentations: (from this quarter only)

“Computer Modeling of Glass Furnace Flow and Heat Transfer,” S.L. Chang, B. Golchert, C.Q.
Zhou, presented at the 7™ International Conference on Advances in Fusion and Processing of
Glass, July 27-30, 2003, Rochester, NY (invited).

“The Effects of Gases Emitted from Batch/Glass Reactions on the Combustion Space Flow
Field,” B. Golchert, S.L. Chang, C.Q. Zhou, presented at the ASME National Heat Transfer
Conference, July 2003, Las Vegas, NV.

“Modeling and Preliminary Validation of a Regenerative Glass Furnace using the ANL Glass
Furnace Model,” B. Golchert, S.L. Chang, E. Olson, presented at the National Heat Transfer
Conference, July 2003, Las Vegas, NV.
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Milestone Status Table:

10/30/2003

ID Milestone Description Planned Actual |Comments
Number Completion | Completion
1 Part |
1.1 Select Furnace 10/1/98 10/1/98
1.2 Combustion space simulation 12/1/99 10/1/99
completed
1.3 Glass bath simulation of furnace 10/1/99 10/1/99
completed
14 Verification of selected diagnostic| 10/1/99 10/1/99
instrumentation capabilities
completed
1.5 Combustion and glass bath 7/1/00 5/15/00
simulations integrated into overall
furnace studies
1.6 NOx kinetic model incorporated 7/1/00 4/15/00
into furnace simulation
1.7 Preliminary validation of furnace 10/1/00 9/15/00
simulation completed
1.8 Acquisition of furnace 5/1/01 2/20/01
performance data for code
validation completed
1.9 Furnace simulation validation 7/1/01 7/1/01
completed
1.10 Workshop to introduce industry to| 10/1/01 10/21/02
the furnace simulation software
Part Il
21 Reduced batch/melt 10/1/01 10/1/01
chemistry/kinetic models
developed
2.2 Development of advance furnace 4/1/02 Delayed at the request
model completed of IP’s in order to re-
focus program
resources on
completing GFM2.0
New completion data
01/04.
2.3 Simulation of selected furnace 10/1/02 12/1/02

types completed
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ID Milestone Description Planned Actual |Comments
Number Completion | Completion
24 Performance data acquired from 2/1/03 10/08/02
selected furnaces
25 Validation of furnace model 4/1/03 6/17/03
completed
2.6 Beta sites established to test 10/1/03 11/1/01  |Active
furnace model
2.7 Advanced furnace model made 12/1/03
available to industry via a
workshop
2.8 Support center to assist industry 12/1/03 11/1/01  |Currently assisting

in the use of furnace code

project members only

Budget Data (as of 4/30/03): The approved spending should not change from quarter to
quarter. The actual spending should reflect the money actually spent on the project in the
corresponding periods.

Approved Spending Plan Provided | Actual
to Date Spent
to Date
Phase/Year/ Budget Period DOE Cost Total DOE DOE
Amount Share Amount | Amount

From To
1 1 |12/01/97 | 11/30/98 490.5 3319 | 8224 696.0 46.7
1 2 |[12/01/98 | 11/30/99 484.0 3144 | 7984 81.6 | 409.6
1 3 [12/01/99 | 11/30/00 4791 407.4 | 886.4 565.5| 674.0
2 (1 |09/01/00 | 08/31/01 512.7 665.6 | 1178.4 300.0 | 486.9
2 |2 ]09/30/01 | 09/30/02 588.7 415.9 |1 1004.7 627.0| 610.4
2 |3 |09/30/02 | 12/31/03 262.1 681.9| 944.0 547.0| 237.0
Totals | 28171 2817.1 | 5634.3 | 2817.1 | 2464.6

*Program started officially 07/31/98
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Project Title: Development of a Process for the In-House Recovery and Recycling of Glass From
Glass-Manufacturing Waste

Covering Period: July 1%-Sept 30", 2003

Date of Report: October, 2003

Laboratory: Argonne National Laboratory (ANL)
9700 South Cass Ave

Argonneg, Illinois 60439
FWP/OTIS Number: 49014
Subcontractors: None

Industrial Partners:  Saint-Gobain Vetrotex America (John Wells)
CertainTeed Corporation (Terry Berg)

Contact: Bassam (Sam) Jody
Tel: 630-252-4206

E-mail: bjody@anl.gov

Project Team: DOE-HQ Contact: Mike Soboroff
Forrestal Building, EE-23
1000 Independence Ave SW
Washington, DC 20585
Tel: 202-586-4936
E-mail: mike.soboroff@hg.doe.gov

Industry Contacts: (1) John Wells
Saint-Gobain Vetrotex America
4515 Allendale Road
Wichita Falls, TX 76310-2199
Tel: 940-689-3356
E-mail: john.wells@saint-gobain.com

(2) Terry Berg
CertainTeed Corporation
1400 Union Meeting Road
Blue Bell, PA 19422
Tel: 610-341-6302
E-mail: Terrl.L.Berg@saint-gobain.com

Project Objective: Develop a technology that will enable the Glass Industry to recycle its glass-forming and
manufacturing wastes into new glass or into new glass products without either adversely impacting its operations
due to increasing the glass filament breakage rate, or the quality of its products.

Background: The Glass Industry produces three solid-waste streams: glass-forming waste, product-
manufacturing waste, and product end-of-life waste. The glass-forming waste is “spaghetti-like” with varying
diameters and varying in lengths from a few feet to several yards. It has a wide range of chemical coatings or
binders on the surface that are not compatible with the glass-re-melting process. These binders must be removed

1
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before the waste can be recycled. Recycling this waste without removing the coating (or binder) has resulted in
an increase in the number of filament breaks in the glass-manufacturing process. This increased break rate
subsequently increases the amount of waste generated, and has made recycling of the waste without binder
removal uneconomical. Therefore, more than 60,000 tons of this non-biodegradable waste continues to be
landfilled. The product-manufacturing waste is generated when making final products such as fiberglass
insulation. This waste stream is also contaminated with polymeric binders that are used to make “composites”
with the glass. It is estimated that the size of this waste stream is over 200,000 tons a year. The products
reaching the end of their useful life constitute over 13,000,000 tons a year. The cleaning and purification of the
glass fibers in these waste streams, so they can be recycled, will save the glass industry substantial amounts of
energy, raw materials and money. According to the document Glass: A Clear Vision for a Bright Future “... use
of recycled glass actually lowers energy costs alone, by an average of $3 to $8 per ton compared to solely using
virgin raw materials.”

The glass-waste recycling project started in July of 2001. The thrust of the work conducted to date has been on
developing a method to effectively and economically remove the polymeric binders to free the glass fibers of
“incompatible contaminants”. We have conducted analyses on many waste-glass samples, before and after
processing, and on virgin-glass samples, to identify “foreign species” in the glass waste. At present, analysis
have not shown the presence of any impurities, other than the increased carbon content due to the chemical
binders used to coat the glass fibers. We have also conducted experiments on two methods for removing the
glass binders: thermal treatment and chemical degradation. The results we have obtained so far indicate that
both of these methods can produce cleaned samples with total carbon levels reduced from several thousand ppm
to less than 100 ppm, which is the level observed in the virgin “uncoated” glass samples. We also developed
conceptual designs for integrating the thermal method with the glass-manufacturing process and have developed
an economic analysis of the process. We have also conducted experiments on fiberglass waste using these two
treatment methods. The thermal method was capable of removing over 99.5% of the binder material on the glass
fibers. We also produced a sample of recovered glass fibers using the thermal method from glass manufacturing
waste and sent it to our industrial partner, Saint-Gobain Vetrotex America, for evaluation. Vetrotex evaluated
the glass-processed samples. It was determined that the material has to be ground because in their present state
they resemble a puff or cotton ball. Vetrotex also sent one lot of the samples to a vendor to grind the recovered
fibers in a ball mill to see what the product would look like in order to identify possible further uses of the
processed glass. Vetrotex also sent samples to their insulation furnace group and to other groups for further
evaluation. Vetrotex also identified a tile maker who may also be interested in the samples. Another possible
application is that the recovered glass can be used as a filler. Vetrotex evaluated the sample and is searching for
potential applications for the recovered material. We also processed more glass fiber waste from our industrial
partner, Vetrotex under different conditions and shipped the treated material back to Vetrotex for further
evaluation.

We also attended the seventh annual industry review of the Industrial Technologies program glass research
projects. The meeting was held on September 8-9, 2003 at the National Renewable Energy Laboratory (NREL)
in Golden, Colorado.

The program has now been completed. The final report will be prepared and submitted.

Status: During this reporting period we treated more glass fiber waste for our industrial partner, Vetrotex and
send the treated material to Vetrotex for further evaluation. The project is now complete and the final report will
be prepared and submitted.

Glass-Manufacturing Waste

During this reporting period we treated the new glass fiber waste samples from our industrial partner, Vetrotex,
without pulling the fibers apart so that the recovered product does not have the fuzz or cotton ball effect. The
recovered fibers were sent to Vetrotex for evaluation in different applications. Vetrotex sent the recovered
material to a processor and has been viewed under the microscope. The material appears to be clean, meaning
that the chemical coating has been removed. The glass appears to have pits that are most likely due to the
process used to ground the glass. Since this is basement scrap, various sizes of fiber diameter were noted in the
sample. Saint-Gobain Vetrotex America will pursue to find a place where this material might be utilized.



Product-Manufacturing Waste
No work was conducted on this task during this reporting period.

Plans for Next Quarter: The plan for the next reporting period (10/1/03-12/31/03), is to prepare and submit
the final report.

Patents: None

Publications/Presentations: We attended the seventh annual industry review of the Industrial Technologies
program glass research projects. The meeting was held on September 8-9, 2003 at the National Renewable
Energy Laboratory (NREL) in Golden, Colorado, and presented an update on the program.



Milestone Status Table

# Milestone Planned Actual Comments
Completion | Completion
1 | Identify reason for glass-filament 7/01 7/01
breakage points when recycled glass
material is used
2 | Complete thermal-treatment set-up and 7/01 7/01
start experiments
3 | Send thermally-treated samples to the 8/01 10/01
industrial partners for characterization
and analysis
4 | Complete set-up for chemical treatment 9/01 9/01
and start experiments
5 | Send chemically-treated samples to the 10/01 10/01
industrial partners for characterization
and analysis
6 | Complete technical & economic 03/02 4/02
evaluation of the thermal-treatment
method
7 | Complete technical & economic 05/02 6/02
evaluation of the chemical-treatment
method
8 | Produce treated glass for testing by 8/02 8/03
industrial partners
9 | Complete evaluation and 10/02 In progress
characterization of recycled products
10 | Develop implementation/ 02/03 In progress
commercialization plan & submit final
report
Budget Data
Approved Spending Plan Actual Spent to Date
Phase/Budget Period DOE Cost DOE Cost
Amount Share Total Amount Share Total
From To
Year 1 7/01 9/01 200 200 400 58,966 4,374 63,340
Year 2 10/01 9/02 200 200 400 324,900 38,097 | 362,997
Year 3 10/02 2/03 100 100 200 100,126 10,270 | 110,396
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Project Title:  Monitoring and Control of Alkali Volatilization and Batch Carryover for
Minimization of Particulate Emissions and Crown Refractory Corrosion in Glass
Melting Furnaces

Covering Period: July 1, 2003 to September 30, 2003
Date of Report: October 30, 2003

Laboratory: Sandia National Laboratories
7011 East Avenue
Livermore, CA 94550

FWP/OTIS Number: M1ID156-HA, EEW34126, ED1805000
Subcontractors: none
Other Partners: Gallo Glass Company, 605 South Santa Cruz Avenue, Modesto, CA 95354

Contacts: Linda G. Blevins
Phone: 925-294-4811
E-mail: Igblevi@sandia.gov

Project Team: DOE-HQ Contacts: Elliott Levine

Industry Contact:  John Neufeld
Gallo Glass Company, Modesto, CA 95354

Project Objectives: The objectives of the project are: (1) reduction of particulate matter
emissions, (2) increase in length of furnace campaigns, and (3) improvement of melting
efficiency, through simultaneous minimization of batch dust carryover, minimization of alkali
volatilization, and optimization of oxygen-to-fuel ratio during glass melting and fining using wide
flame oxy-fuel burners. The anticipated improvements in performance are to be achieved by
reduction of alkali and particulate at its sources, reduction of unburned combustibles and waste
heat losses, maximization of flame radiation through intelligent control of melting furnace
conditions, and optimization of batch composition.

Background: Entrainment of batch particles in flue gas and vaporization of the alkali metals,
sodium and potassium, from melting batch and molten glass are associated with a number of
negative impacts on the glass melting process and melting tank performance. Among the
negative effects are: (1) corrosion of superstructure and crown refractories, (2) plugging of
regenerator checkers, (3) fouling and corrosion of flue ducts, (4) particulate matter emissions,
and (5) loss of raw materials. The relative importance of these effects depends upon the type of
glass being melted, the design and materials of construction of the furnace, and local emissions
regulations. The causes of batch particle entrainment and alkali volatilization are, for the most
part, well understood. However, alteration of batch composition and furnace conditions to
minimize entrainment and volatilization may have negative impact on other aspects of furnace
operation and glass quality. For example, volatilization could be reduced by distributing heat
input so as to make the peak glass surface temperature lower and the distribution of surface
temperatures more uniform, but this would suppress glass circulation in the melt and result in



poorer glass quality at a given pull rate. As another example, batch dusting could be reduced
by minimizing heat input and gas velocity over the batch blanket, but the shift of fuel heat input
away from the batch blanket toward the fining zone might increase batch coverage, result in
poorer overall transfer of heat to the load, and would likely increase the glass surface
temperature in the fining zone, leading to increased alkali volatilization and seeds in the product.
Intelligent optimization of these conflicting requirements is the subject of the project. The great
variability of the rates of refractory corrosion, particulate emissions, and heat requirements from
furnace to furnace and the excellent performance of some furnaces suggest that an optimum
set of furnace conditions exists and that significant reductions in emission and corrosion rates
and improvements in the efficiencies of poorly performing furnaces are possible.

The method being used to measure carryover and volatilization is laser-induced breakdown
spectroscopy (LIBS), a continuous monitoring technique for metals demonstrated in previous
trials at Gallo Glass. By observing the correlation of metals concentrations with operating
conditions over long periods, the batch properties and furnace conditions associated with batch
carryover and alkali volatilization will be identified. Because the oxygen-to-fuel ratio is expected
to be among the critical process variables, the work also includes simultaneous measurements
of furnace efficiency, so that this measure of performance can be incorporated in the furnace
optimization scheme.

The work has been greatly facilitated by the sooner-than-expected arrival on the market of
echelle grating spectrometers, capable of recording signals from all of the elements in the LIBS
spark simultaneously, permitting the identification of individual particle types and their sources
or mechanisms of formation. The echelle grating instrument, originally planned for application
to the problem in March 2003, was incorporated in the LIBS system during the first 5 months of
the project and has been used in two sets of field trials at Gallo Glass. Though the echelle
spectrometer has provided very useful data, it has not performed as well as expected. In the
first round of measurements, in December 2001, the spectrometer was found not to have
sufficient sensitivity for determination of element concentrations in individual laser sparks. This
would preclude the determination of joint particle size-composition distributions. However, the
apparent size distributions of individual elements can still be determined using the original
Czerny-Turner spectrometer, so relatively infrequent large particles carried over from batch can
be distinguished from the more uniform concentration of submicrometer particles formed from
volatile species. During the most recent field test, in June 2002, both the echelle and
conventional grating spectrometers were run side-by-side, for direct comparison of their
performance.

Status: Extended measurement campaigns were conducted in May 2003, June 2002, and
December 2001. Analysis of the data from the first and second campaigns is complete.
Analysis of the data from the third campaign is mostly complete, but a few tasks remain.

May 2003: Measurements were performed in the vertical flue just downstream from the furnace
exit on Tank #1. Flue gas temperature and concentrations of O,, CO, NO, and SO, were
recorded simultaneously with LIBS signals for multiple elements. Gallo Glass systematically
varied oxygen-to-gas ratio while tests were being performed.

As the average oxygen-to-gas ratio increased from 1.98 to 2.18, average O, concentration
increased, average NO concentration increased, and average SO, concentration decreased or
remained constant. For the lowest oxygen-to-gas ratios (1.98 to 2.04), CO occasionally
appeared in the exhaust.



Hourly ambient temperature data were obtained from the National Weather Service. The actual
O/G in the furnace appeared to change as a function of ambient temperature—reaching a
minimum when ambient temperature was maximum in the late afternoon. The most likely cause
was a temperature-dependent change in the amount of air leaking into the furnace. This may
happen because of air entrainment into the cooling wind or through the burner blocks. Offline
discussions at the glass review meeting revealed that this trend has been observed by other
manufacturers operating in the California Central Valley, where the difference between the
maximum and minimum daily temperatures is large. Interestingly, bridge wall temperature
appears to vary directly with ambient temperature, while melter bottom throat temperature
varies inversely with ambient temperature.

LIBS signals were collected as two-minute averages with the echelle detection system and as
single-shot measurements every 200 ms with the Czerny-Turner detection system. The echelle
system detected elemental emission between 250 nm and 900 nm simultaneously. The
elements targeted during echelle data reduction were sodium at 589.0 nm and 589.6 nm,
potassium at 766.5 nm and 769.9 nm, and calcium at 393.4 nm and 396.8 nm. The Czerny-
Turner detection system was tuned to four different spectral windows, with measurements being
made in each window for two hours apiece. The windows corresponded to the spectral
detection regions for silicon and magnesium (258 nm — 293 nm), potassium (731 nm to 766
nm), sodium (571 nm t0 606 nm), and calcium and aluminum (386 nm — 421 nm).

When products of fuel-rich combustion appeared in the furnace, SO, concentration increased
dramatically. Interestingly, sodium and potassium LIBS signals from both detection systems
decreased dramatically as well. Calcium LIBS signals remained constant in the presence of rich
products. This is surprising, since the presence of CO is expected to increase alkali
volatilization. This quarter, a plausible explanation was found for the decrease of sodium and
potassium signals for fuel-rich conditions. The LIBS signal is probably absorbed by alkali atoms
in the combustion products. Equilibrium calculations demonstrate that alkali metal atoms
become more prevalent in the furnace for rich conditions than for lean conditions. The behavior
of the fuel-rich alkali metal signals continues to be under investigation.

Single-shot measurements of calcium show a baseline amount of calcium present due to
volatilization as well as the occasional large signal that indicates the presence of batch particles
in the LIBS probe volume. Silicon, aluminum, and magnesium did not show significant baseline
amounts, but batch particles containing these elements were seen passing through the
measurement location from time to time. The frequency of calcium batch particles was 5713
hits out of 581,580 shots; magnesium batch particles were found in 466 of 662,580 shots;
silicon batch particles were found in 399 of 662,580 shots; aluminum batch particles were found
in 213 of 581,580 shots. Calcium-containing batch particles originating from limestone in the
batch were the most abundant of the four types of batch particles detected. Silicon particles
originated from sand in the batch. Magnesium and aluminum particles originated from additives
or contaminants in the batch. Additional batch particles may have originated from the recycled
glass added to the batch. To our knowledge, this is the first time that batch particles have been
detected in real time in the flue of a glass furnace.

Based on the single-shot results, batch particle size distributions were computed. Calculations
were performed assuming spherical particles with predefined compaositions containing only one
type of targeted element per particle. The particles were assumed to be calcium oxide,
magnesium oxide, silicon dioxide, and aluminum oxide. In the calculated number distributions,
particles with sizes of abut 0.5 um are most abundant for magnesium oxide and calcium oxide.
For silicon dioxide and aluminum oxide, 1 um to 2 um particles are most abundant. Sharp



decreases in furnace pressure were found to correlate with rapid increases in batch particle
carryover.

June 2002: Flue gas temperature and concentrations of O,, CO, NO, and SO, were recorded
synchronously with sodium, potassium, calcium, and aluminum LIBS signals. Measurements
were performed in the vertical flue. Both Czerny-Turner and echelle spectrometers were used
with the LIBS system. Natural gas and oxygen input flows for the furnace were captured in strip
charts from Gallo Glass. Other operating data such as furnace pressure, glass level, electric
boost amount, and radiometric wall temperatures were also obtained from Gallo Glass. Plots of
these variables as a function of time were digitized from the Gallo strip charts. Their values
were interpolated so that the data points corresponded to the times associated with the LIBS
measurements. Mathematical cross-correlations were performed.

For the June 2002 data, sodium and potassium concentrations in the flue were found to
mathematically correlate with the north and south breast wall temperatures. Additionally, there
were correlations of alkali concentrations with exhaust oxygen concentration and with exhaust
sulfur dioxide concentration for some days but not for all days. Two different glass pull rates
were examined (336 and 435 tons/day), so trends were established for different furnace loads.
The oxygen to gas ratio was consistently 2.12. Alkali concentrations showed a stronger
dependence on temperature than on stoichiometry. There is some evidence that the relationship
between alkali release and furnace stoichiometry is temperature dependent.

A significant level of potassium was observed in the flue gas in June 2002. The combination of
potassium with sodium is expected to be a more aggressive agent for corrosion of silica
refractory than sodium alone. The high measured amount of potassium is inconsistent with the
chemical analysis of dust collected at the exit of the electrostatic precipitator (ESP) and with the
parent glass chemistry. Since the ESP processes the exhaust of four separate furnaces, the
dust chemistry may not be consistent with that of any individual furnace. Enrichment of
potassium relative to sodium in the exhaust of glass furnaces and other combustion devices
such as biomass boilers has been observed previously. To examine this trend further, we
collected alkali particles near the LIBS sampling point using an extractive probe and aqueous
bath during May 2003 testing.

The June 2002 data hint that an optimum furnace stoichiometry will minimize alkali
concentration and avoid carbon monoxide emission. Sulfur dioxide and nitric oxide emissions
are relatively insensitive to stoichiometry except under reducing conditions. Calcium and
aluminum were also observed in the flue, but at much lower concentrations than sodium and
potassium.

The apparent particle size distribution for sodium determined from the June 2002 LIBS data is
narrow and centered about a large particle size (several microns). This suggests a high number
density of fine particles or a fume and a few large particles originating from volatilization rather
than carryover.

December 2001: LIBS measurements of sodium, potassium, calcium, magnesium, aluminum,
boron, and silicon were performed using the echelle spectrometer in the furnace exhaust duct
upstream of the electrostatic precipitator. At this location, the exhaust is diluted by a factor of
about 3.5:1. Simultaneously, O,, CO, NO, and SO, concentrations were recorded. Natural gas
rate of flow, oxygen rate of flow, furnace pressure, glass level, electric boost amount, and
radiometric process temperatures were captured in strip charts from Gallo Glass. The pull rate
was about 430 tons/day, and the oxygen to gas ratio was about 2.16.




The potassium and sodium concentrations correlated with each other. Additionally, the calcium,
magnesium, and aluminum concentrations correlated with each other. However, the potassium
and sodium concentrations did not correlate with the calcium, magnesium, or aluminum
concentrations. This suggests two different release processes. One is related to the alkali
metals and the other is related to the more refractory calcium, magnesium, and aluminum. The
alkali metal concentrations showed a mild correlations with furnace breast wall temperatures.

In the December 2001 measurements, flue gas composition showed cyclic variations on two
time scales, one of about 12 minutes, and the other of about 1% hours. The longer scale
corresponds to the control room record of gas and oxygen flow rates; the 12-minute cycle is
correlated with furnace pressure. The cycles in the sodium and potassium concentrations
correspond very roughly to the cycles in gas and oxygen flows (high heat input corresponds to
high sodium and potassium), but the correspondence is by no means perfect. During ceramic
welding in December 2001, the aluminum concentration in the flue increased and silicon was
also observed.

The indicated sodium concentration in the flue was higher during December 2001 than during
the 1998 tests conducted in collaboration with Corning, Gallo Glass, OIT, and Visteon. The
Czerny-Turner spectrometer used in 1998 was brought back for comparison with the new
echelle spectrometer during the June 2002 tests. The sodium concentration was lower during
June 2002 than during December 2001. The reasons for the discrepancy in alkali
concentrations are being examined.

A model for crown corrosion by sodium was developed and the values of its parameters
determined from measurements during the first oxygen/gas furnace campaign on Tank No. 1 at
Gallo Glass. The model provides a rational basis for assessment of the costs and benefits, with
respect to refractory corrosion, from changes in operating conditions that influence sodium
volatilization. An interesting prediction of the model is that when sodium reaches two or three
hundred parts-per-million in the combustion space, increasing the crown temperature increases,
rather than decreases, the silica corrosion rate.

Changes that will improve signal-to-noise ratio have been made to the LIBS instrument and will
be deployed in the next test. These improvements will hopefully allow us to measure the
concentration of a larger number of elements simultaneously. Additionally, we should be able to
measure the important elements more accurately. An optimum set of LIBS instrument settings
has been systematically found for the next test. Some of the parameters examined were
saturation behavior, on-camera and off-camera averaging, binning selections, calibration curve
linearity, time constant determination, purge flow settings, optimum delay and gate times, laser
power consistency, and differences between the Czerny-Turner and echelle spectrometers.
Computational fluid dynamic modeling of the interaction of the LIBS purge flow with the furnace
cross flow has been undertaken.

Linda G. Blevins of Sandia is leading the project. Peter Walsh of the University of Alabama
Birmingham is a consultant. Shane Sickafoose, Doug Scott, and Alejandro Molina of Sandia
are the current project participants. Gary Hubbard is a programming consultant.

Plans for Next Quarter: Data reduction for the May 2003 field test will continue. Tasks
remaining include re-examining the calibrations for Na and K and looking for correlations of
batch particle carryover with furnace operating conditions. Experiments examining the effect of



combustion gases, high temperatures and high particle loading on the LIBS spark will be
performed.

Patents: none

Publications/Presentations:

Blevins, L.G., Molina, A., Scott, D.D., Sickafoose, S.M., Neufeld, J.W., Walsh, P.M., “Effect of
Variations in Oxygen to Gas Ratio on Flue Gas Composition, Process Temperature and Alkali
Metal Concentration in an Oxygen/Natural Gas Glass Melting Furnace,” Fall Technical Meeting,
Western States Section of The Combustion Institute, Los Angeles, California, October 2003.

Blevins, L.G., Shaddix, C.R., Sickafoose, S.M., and Walsh, P.M., “Laser-Induced Breakdown
Spectroscopy in High-Temperature Industrial Boilers and Furnaces,” Applied Optics, V. 42, pp.
6107-6118, 2003.

Walsh, P.M., Blevins, L.G., Sickafoose, S.M., Johnsen, H.A., Molina, A., Ottesen, D.K., Scott,
D.D., Steinhaus, R.J., Christy, R.H., and Neufeld, J.W., “Laser-Induced Breakdown
Spectrometry: Application to Measurement of Inorganic Particulate Emissions from Combustion
in Engines and Furnaces,” Third Mediterranean Combustion Symposium, Marrakech, Morocco,
June 8-13, 2003.

Walsh, P., Allendorf, M. Nilson, R., Griffiths, S., Blevins, L., Sickafoose, S., Johnsen, H., Molina,
A., Scott, D., Moore, D., Neufeld, J., Lemings, L., Brown, J., Wu, K.T., “Sodium Volatilization
and Silica Refractory Corrosion in an Oxygen/Natural-Gas-Fired Container Glass Furnace,”
Hotbels Seminar, Lexington, KY, April 2003.

Blevins, L.G., Molina, A., Sickafoose, S.M., Walsh, P.M., and Neufeld, J.W., “Alkali Metal
Concentrations in an Oxy-Fuel Glass Furnace Exhaust,” presented at the 3rd Joint US Meeting
of the Combustion Institute, Chicago, Illinois, March 2003.

Walsh, P.M., Sickafoose, S.M., Scott, D.D., Steinhaus, R., Johnsen, H.A., and Neufeld, J.,
“Monitoring and Control of Alkali Volatilization and Batch Carryover for Minimization of
Particulate Emissions and Crown Refractory Corrosion in Glass Melting Furnaces” DOE Glass
Industry Project Review, Livermore, CA, September 10, 2002.

Milestone Status Table:

ID Task / Milestone Description Planned Actual Comments
Number Completion |[Completion
1 Data acquisition system 7/31/01 6/20/02 *
2 CO and O, monitors 9/30/01 12/14/01
3 Furnace exit gas temperature 10/31/01 6/20/02
4 Flame and refractory radiation 11/30/01 6/20/02
5 Synchronized records 12/31/01 6/20/02 *
6 Measurements of sodium 2/28/02 12/14/01
7 Sources of sodium 3/31/02 9/30/02
8 Conditions influencing sodium 4/30/02 9/30/02
9 Maximum furnace efficiency 5/31/02




ID Task / Milestone Description Planned Actual Comments
Number Completion |Completion
10 Measurements of silicon 7/31/02 12/14/01
11 Measurements of calcium 9/30/02 12/14/01
12 Correlations for metals 11/30/02 01/15/03
13 Broad-band LIBS instrument 3/31/03 10/31/01
14 Software for LIBS instrument 5/31/03 10/31/01
15 Simultaneous measurements of  |7/31/03 12/14/01

Na, K, Ca, and Si
16 Relationship between Na and K |8/31/03 02/01/03
17 Optimum stoichiometry 9/30/03 09/30/03
18 Sodium and calcium monitor 1/31/04
19 Control strategy 3/31/04
20 Demo in melting research facility |4/30/04
21 Method for monitoring and control |5/31/04

of volatilization and carryover

*It has not been possible to collect data from the control room in real time; printouts of the data
acquisition system records of furnace conditions are used instead. The furnace radiation, exit
gas temperature, and flue gas composition data are, however, synchronized with LIBS.



Budget Data (as of September 30, 2003):

Approved Spending Plan

Actual Spent to Date

($000) ($000)
Phase / Budget Period DOE Cost Total DOE Cost Total
Amount | Share Amount | Share
From | To
Yearl |6/01 |5/02 350 350 700 350 350* 700
Year2 |6/02 |5/03 350 350 700 350 350* 700
Year3 | 6/03 | 5/04 350 350 700 200 200* 400
Totals 1,050 1,050 2,100 900 900* 1,800

*Sandia National Laboratories' estimate.
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Nothing seems to be happening on this project. The project period ended October 31, 2003.
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This project addresses the need to improve the efficiency of on-line atmospheric pressure
chemical vapor deposition (APCVD) processes used primarily to deposit coatings on float glass,
but also on glass containers. APCVD processes in the flat-glass industry at present can be as
little as 10% efficient (i.e., only 10% of the incoming precursor chemicals are converted to
coating), resulting in annual production and waste-treatment disposal costs to the industry of
nearly $23 million. In addition, remelting of glass due to defects in the coatings results in over
1.1 x 10" Btu/year of unproductive energy usage.

The objectives of this proposal are as follows:

1. Identify modifications to existing APCVD coater designs and/or new coater designs that will
double the efficiency of reactant utilization, thereby substantially reducing waste emissions
and purchases of raw materials.



2. Develop validated computational models to predict defects due to thickness nonuniformity
and haze; use these to reduce defect frequency and improve the overall energy efficiency
of the process by reducing the amount of rejected glass that must be remelted.

3. Generate a database of fundamental thermodynamic and kinetic information for APCVD.

4. Provide enhanced understanding of the underlying chemical reactions that control APCVD,
which will enable the development of improved process models and control strategies for
float-glass coating and other types of glass, such as containers, that use APCVD coatings.

Background

The use of on-line atmospheric pressure chemical vapor deposition (APCVD) techniques to
manufacture coatings on glass is a critical technology in the flat-glass industry, responsible for
the production of approximately 110 million ft*/year of highly value-added products. These
consist primarily of low-emissivity (“low-E”) and solar-control glasses for architectural
applications, but also include coatings for solar cells, computer screens, automotive
applications, and xerography. The markets for these products are strong and growing. Coated
glass for energy-conserving windows constitutes a roughly $600 million market for the raw glass
alone; the total value of the final manufactured product (primarily dual-pane glass units) is in the
billions of dollars. APCVD is a virtual necessity for maximizing coating production rates, since it
can be performed at atmospheric pressure and can deposit material at rates fast enough to be
compatible with glass ribbons speeds on typical float lines (about 1 ft/s). APCVD is thus an
economically attractive, but technologically very challenging, manufacturing process.

Status

Project management activities

* Sandia PI Mark Allendorf and PPG PI Jill Troup attended the OIT Glass Program
Review meeting in Golden, CO in September and presented a summary of the project
activities during the previous 12 months. Jim McCamy of PPG also attended.
Communication between Sandia and PPG continues on a regular basis through phone
conversations and email exchange of data.

* A project meeting in Pittsburgh is being planned and will likely occur in the December
time frame.

* Arequest for $60 K of additional OIT funding during FY04 was submitted to E. Levine.
These funds would be used to conduct experiments to verify the use of additives to
improve the efficiency of tin oxide deposition by increasing the utilization of tin
precursors. PPG will match the DOE funds with in-kind cost sharing at its Glass
Technology Center in Harmerville, PA.

»  Prof. Carlo Pantano of the Dept. of Materials Science and Engineering at Penn State
University contacted Mark Allendorf with an invitation to join in a proposal to the NSF
to examine the effects of growth conditions on mechanical properties of tin oxide films.
Sandia would provide films from its existing library of samples generated in this OIT
project for analysis at PSU. As of the date of this report, Sandia agreed to participate
and provided a letter of support. The results of the project, if funded, will definitely be



relevant to this project and will address aspects of tin oxide deposition not included in
this project.

Task 1 Deposition mechanisms

We continue our efforts to develop the most robust model possible of the deposition of
tin oxide from the MBTC/O,/H,0 system. At the present time we find that the
deposition process can be described one of two mechanisms: 1) one that is completely
heterogeneous (i.e., all reactions leading to tin oxide occur on the deposition surface)
or 2) a mechanism in which the actual tin oxide precursor is produced by a very fast
gas-phase reaction, followed by surface chemistry to produce tin oxide. We cannot
distinguish between these two possible mechanisms with the available experimental
data, so we conducted modeling studies this quarter to identify conditions in the
Sandia stagnation-flow reactor (SFR) that would lead to different behavior for the two
different mechanisms.

Two parameters were changed in SPIN modeling of the reactor 1) the total gas flow
rate in the reactor Qi and 2) the MBTC concentration [MBTC]. Changing Q: would
change the time available for a gas-phase reaction to generate a precursor in
mechanism (2), and could lead to a reduction in the deposition rate if this time for
reaction becomes to short. The calculations indicate that for both mechanisms, surface
reactions are rate limiting at low temperatures (£ 400 °C), so no change in the
deposition rate is predicted, while at high temperatures, growth becomes mass-
transport limited in both mechanisms, so increasing the flow rate increases the
deposition rate. Thus, we cannot distinguish between the two mechanisms by varying
Qut- However, in the low-temperature region the predicted [MBTC] reaction order is
zero for the first mechanism and 1.0 for the second, so it should be possible to
determine which mechanism is operative by measuring the growth rate as a function of
[MBTC] using surface temperatures below 400 °C. These measurements should be
completed next quarter. Once these experiments are complete, we will adopt
whichever mechanism is most consistent with the data and optimize the rate constants
to achieve the best overall agreement with all of the available growth-rate data.

We are now able to model the pressure dependence of the tin oxide growth rate over
the full range of reactor pressures (25 — 760 torr) using a revised heterogeneous
mechanism developed this quarter. This new mechanism includes a reaction in which
O, adsorbs on an open surface site and can be combined with the remaining reaction
steps in mechanism (2) above. The mechanism is thus as follows:

C4HoSNCl; + H,O ® C4HeSnCl3(H20) (a gas-phase complex) (1)
0, + 20S(s) « 20(s) (OS(s) is an open site on the surface) (2)
C4HoSNClI;3(H20) + O(s) « SnOy(solid) + 3HCI + 2C,H, + OS(s) 3

A fully heterogeneous mechanism can be generated by replacing reaction (1) with a
reaction in which MBTC (C4HsSnCls3) reacts with an open surface site. Rate constants
for such a mechanism have not been determined yet, pending the outcome of the
[MBTC] concentration experiments described above. We also plan additional
experiments in the SFR next quarter to expand the range of deposition pressures from
its current 25 — 100 Torr to 25 — 400 Torr. Data obtained in this reactor are the most



reliable available for model validation, since the flow environment and temperatures
are well characterized, uniform, and stable.

Task 2 Gas-phase and surface chemistry measurements

* No additional experiments or modeling were conducted this quarter, but the results of
the modeling investigations in Task 1 indicate that additional thermodynamic data are
needed to support a mechanism for deposition that involves a gas-phase process
between MBTC and water vapor. These calculations will be started and most likely
completed next quarter.

Task 3 On-line monitoring

»  Efforts to develop an on-line monitoring technique based on gas chromatography were
halted this quarter. Although the results were encouraging, suggesting that
condensable gases could be removed using a cold trap so that hydrocarbons and
CO,, which are indications of MBTC oxidation, could be detected, the amount of effort
required to make the diagnostic practical exceeds the available resources. In
particular, the Pls feel that more pressing issues such as validation of the mechanism
and completion of a robust model should have a higher priority at this point and will
devote the remaining project resources to accomplishing this goal.

Task 4 Computational fluid dynamic modeling

* The two-step surface chemistry mechanism describing deposition from MBTC/O,/H,O
mixtures developed last quarter was combined with the CFD model of the PPG pilot-
scale coater. Predicted deposition rates are too high by about a factor of 5. This is
consistent with predictions using the one-dimensional SPIN code as well. The
predictions can be brought into agreement with data by adjusting rate constants, but
this leads to inconsistencies between the model and data at low pressures. It is clear
from this result as well as the results described under Task 1 that a more detailed
model is required. Thus, we will use the three-step mechanism developed this quarter
in CFD calculations performed next quarter and expect that the resulting predictions will
be in much better agreement with the data taken from the pilot-scale experiments at
760 Torr.

An important result obtained from the CFD modeling using the two-step heterogeneous
mechanism is that, like the one-step global reaction used initially by us to describe tin
oxide growth, it predicts that MBTC utilization should improve when the spacing
between reactant inlet and outlet is increased in the coater. This result supports the
efforts at PPG to test this idea on the float-glass line (see task 6 below).

Task 5 Deposition experiments

*  The dependence of the tin oxide growth rate on oxygen concentration were
characterized by a series of deposition experiments in the SFR reactor this quarter.
We have now obtained data for all of the relevant reactor variables, including substrate
temperature, pressure, MBTC, H20, and O2 concentrations, and total flow rate,
providing the most comprehensive set of data available for the deposition of tin oxide.
The oxygen data indicate a weak, but not negligible, dependence of growth on the



concentration of this reactant. The O, reaction order observed is 0.34 + 0.03 over the
325 — 550 °C range of substrate temperatures for MBTC/O, mixtures and 0.68 for
MBTC/O,/H,O mixtures. In the latter case, the growth rate saturates between 2 — 5%
O,for 0.1% MBTC and 0.4% H,O at 550 °C. Based on the data for MBTC/O, mixtures,
this behavior is probably a function of temperature and the MBTC/H,O ratio used, so
additional data may be needed to fully characterize the O, dependence.

Task 6 Process optimization

A set of experiments varying MBTC concentration, water concentration, glass
temperature, coater height, inlet gas temperature, and oxygen concentration is being
conducted on the PPG pilot-scale coater. Experimental results will be compared with
CFD modeling results.

A set of experiments exploring the effect of coater geometry changes and water
concentration has been designed to be conducted at PPG’s full-scale manufacturing
facility. The experiments will be completed early next quarter.

Plans for next quarter

Patents

Perform quantum-chemistry calculations to obtain thermodynamic data for potential
MBTC-water complexes.

Obtain tin oxide deposition-rate data in the SFR at pressures up to 400 Torr to assist in
model validation.

Vary MBTC concentration at low temperatures to determine the tin oxide growth-rate
dependence.

Conduct full-scale manufacturing tests to evaluate the effect of changing inlet-outlet
spacing and water concentration.

Perform CFD simulations of the PPG pilot-scale coater using the new three-step
mechanism.

None this quarter.

Publications/Presentations

M. D. Allendorf, J. Troup "'Development of Process Optimization Strategies, Models, and
Chemical Databases for On-Line Coating of Float Glass," annual DOE/OIT Glass Industry of the
Future Program Review, Golden, Colorado September 10 — 12, 2003.



Milestone Status Table (dates in project months):

Task Task/Milestone Description Completion Date Comments
Planned Actual
1.1 | Develop thermodynamic data base 9 12
1.2 | Gas-phase model development 24 Anticipated completion
month 30 (see Note 3)
1.3 | Surface model development 24 Anticipated completion
month 33
1.4 | Mechanism testing/validation 24 Anticipated completion
month 35
1.5 | Chlorine defect model 24
2.1 | Gas-phase rates 18 Preliminary analysis
complete
2.2 | Gas-phase intermediates 24 See note 2 below
3.1 | Equipment modification/calibration 18 18
3.2 | On-line monitoring in PPG facility 36 30 See Task 3 discussion
4.1 | Non-reacting model: pilot-scale 6 6
4.2 | Reacting model: pilot scale 18 24
4.3 | Non-reacting model: full-scale 24 - See note 1 below
4.4 | Reacting model: full-scale 36 - See note 1 below
5.1 | Pilot-scale deposition experiments: 9 15
Phase 1
5.2 | Pilot-scale deposition experiments: 21 24
Phase 2
5.4 | SFR MBTC/O,/H,0 deposition 18 24 See note 4 below
rates
6.1 | SFRtests 24 See note 4 below
6.2 | Pilot-scale tests 27 35
6.3 | Full-scale tests 35 to start next quarter
Final report 37
Notes:

1. Computational fluid dynamic simulations of the full-scale coater could be more
effectively done by a subcontractor to PPG, such as Fluent. SNL would provide a
validated deposition model and associated gas-phase chemistry for use in such an
effort. Experiments and modeling of the pilot-scale coater are deemed sufficient to test
and validate process optimization strategies under most circumstances.

2. Laser-induced fluorescence measurements initially planned may not be necessary if
data on MBTC product formation prove adequate for model validation.

3.  Experiments to provide model validation will continue to near the end of the project.
We expect to make use of the data to refine our models as much as possible, although
the gas-phase model is now essentially complete.

4.  Additional SFR experiments will be conducted until the end of the project to provide

data necessary for model validation, due to progress made in model development
efforts.




Budget Data (in thousands of $)**

Approved Spending Plan

Actual Spent to Date*

. DOE Cost DOE Cost
Phase/Budget Period Amount | Share Total Amount | Share Total
From | To
PY 1 3/01 2/02 500 500 1,000 538 408 946
Year 2 3/02 2/03 500 500 1,000 635 436 | 1,071
Year 3 3/03 2/04 500 500 1,000 217 335 552
Totals 1,500 | 1,500 3,000 1,390 1,179 | 2,569

*Note: PY = project year (March — Feb), which does not coincide with the DOE fiscal year (Oct —

Sept).
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